Abstract. The Poynting-Robertson (P-R) effect has been applied to meteoroids -interplanetary dust particles -for several decades. It is well known that the P-R effect produces only changes in the orbital plane of the particle. Provided the initial orbits are not near circular, the differential equations governing the secular changes in both eccentricity and semimajor axis have been known since the time of Robertson.
Introduction
The relativistic equation of motion for a perfectly absorbing spherical dust particle under the action of electromagnetic radiation was derived by Robertson (1937) . He also calcu-lated the consequential secular changes of orbital elements. This effect is popularly known as the Poynting-Robertson (P-R) effect and the secular changes have been applied to meteoroid streams for some considerable time, (see for example Wyatt & Whipple (1950)) an updated set of equations can be found in Klačka (1992a) . Relativistic generalization corresponding to the P-R effect was discussed by Klačka (1992b) . Secular changes of orbital elements for near circular orbits were discussed in Kaufmannová (1992, 1993 ).
The P-R effect also causes an advancement of perihelion, although the secular change is zero to the first order in v/c. The first nonzero term is proportional to c −2 . Expressions for the change in longitude of perihelion can be found in Robertson (1937) , Wyatt and Whipple (1950) , Lyttleton (1976) . All these papers give different results, but in fact, none is correct. The aim of this paper is to derive correct the expression for the secular change of advancement of perihelion, accurate to terms proportional to c −2 . We will concentrate on the situation where the orbits are not near circular orbits, since this is the situation most likely to be of interest for real situations. The near circular case was discussed in Kaufmannová (1992, 1993) .
Equation of motion
Relativistically covariant equation of motion for the P-R effect can be found in (Klačka 1992a (Klačka , 2000a (Klačka , 2000b (Klačka , 2001 (Klačka , 2002 
where p µ is four-vector of the particle of mass m
four-vector of the world-velocity of the particle is
four-vector
S is unit vector of the incident radiation, S is flux density of the incident radiation energy, A ′ is geometrical cross-section of the spherical particle,
and Q ′ pr is effective factor given by relation
Advancement of perihelion
We are interested in motion of dust particle in the gravitational field of the central body (Sun) and its electromagnetic radiation. From equation (1), we obtain
where µ = GM (G -gravitational constant, M -mass of the central body), p = a(1 − e 2 ) (e -eccentricity, a -semimajor axis),
is the ratio of radiation pressure force to gravity force, f is true anomaly; a R and a T are radial and transversal accelerations.
Eq. (1) yields for the v 2 /c 2 -terms of equation of motion
Eq. (8) yields for radial and transversal accelerations:
where
Inserting Eqs. (9) - (12) into Eq. (7) and making time averaging corresponding to
one easily obtains
4. Advancement of perihelion, Schwarzschild metric
Considerations presented in this section corresponds to generalization of the general relativistic derivation of advancement of perihelion for pure gravitational field (see, e. g., Noga et al. 1987 ; some well known results of celestial mechanics are also used.)
We consider Schwarzschild metric in the form (r ≫ r g ≡ 2 µ / c 2 )
in spherical coordinates for the case ϑ = π / 2.
Components of 4-velocity
i. e.,
We will denote
We want to find relation between ε and classical energy (per unit mass)
and, between λ and angular momentum (per unit mass)
Approximation of the zeroth order for Eq. (17) corresponds to (U 0 ) 2 = 1, which yields
Inserting Eq. (20) into Eq. (22),
Comparison of Eqs. (18) and (23) gives
Comparison of Eqs. (19) and (21) gives
Equation of the orbit
We can write, on the basis of Eqs. (17) and (18) (1 + ε)
or, using Eq. (19),
This equation yields
and, dividing by ξ U ϕ , one finally obtains
It can be easily verified that substitution of Eqs. (15) and (24) into Eq. (29) yields
Advancement of perihelion
Increase of the angle ϕ per one revolution is
where (see Eqs. (30) and (31))
Solution of Eqs. (32)- (34) is
Using the third Kepler's law
we can write
Thus,
Advancement of perihelion, total
Adding Eqs. (14) and (39), we can finally write
It can be easily verified that < dω / dt > is i) a decreasing function of β, ii) the perihelion circulates in a negative direction for particles with β > ( √ 73 − 5)/4, iii) the rate of the advancement of perihelion is not bounded for β → 1.
Discussion
The reason why Robertson (1937) obtained an incorrect result for the advancement of perihelion is obvious: classical ideas are extended to situations with a strong gravitational field. Relativistic theory of gravitational and electromagnetic interactions cannot be unified in such a simple manner. It is possible to consider radiation pressure term (the part independent on velocity) together with gravitational term within Newtonian physics -this procedure enables analytical time averaging of perturbation equations (Klačka 1992b ).
However, this procedure is not allowed in strong gravitational fields, since metric of a spacetime is given by gravity only.
Our result presented by Eq. (40) exhibits a completely different behaviour to what has been given in the literature up to now. The most interesting result is that in the case of the fragmentation of a body into a number of smaller particles, some of these particles may exhibit a retrogression rather than an advancement of perihelion so that divergence of the perihelion from that of the original parent body can be more rapid.
For a real, arbitrarily shaped, dust particle, the situation is far more complicated. The equation of motion have been derived by Klačka (2000b) . Simple derivations, accurate to the first order in v/c can be found in Klačka (2000c) and Klačka and Kocifaj (2001) . The motion of a real particle depends on its shape, chemical composition of the particle and mass distribution within the particle (porosity). The change in the longitude of perihelion for such a particle is significant for all orbits.
In terms of application to meteoroid orbits, it should be remembered that the most significant parameter is the nodal distance. If this distance is not the same as the SunEarth distance, then no meteor will be see. This distance, r N is given by
Changes in ω can thus be important since we can see that
In particular, it could be that while the parent body is well situated to produce meteors, the resulting fragmented smaller bodies, with different rates of change of longitude of perihelion, soon evolve onto orbits that can not produce meteors.
Conclusion
The expression for the secular change in the longitude of perihelion (pericenter, in general) for the P-R effect is given by Eq. The rate of the advancement of perihelion is not bounded for particles with β → 1.
In consequence, when a body fragments, some of its smaller fragments may exhibit the circulation of perihelion in opposite direction than it was for the parent particle, hence exagerating the differences in their respective nodal distances.
The result does not hold for secular change of the advance of perihelion for near circular orbits. The advancement of perihelion for real particles can be much grater than discussed above.
